In the context of the transformation toward a "green economy, " issues related to natural resource use have rapidly increased in importance in European and international policy debates. The large number of studies applying economy-wide material flow analysis so far mostly produced aggregated national indicators, making the results difficult to connect to policies, which are often designed for single sectors or consumption areas. This paper provides a detailed assessment of the composition of EU's material footprint in its global context, aiming at identifying the main product groups contributing to overall material consumption and specifying the geographical sources for the raw materials required to satisfy EU's final demand. Based on multi-regional input-output (MRIO) modeling, we apply production layer decomposition to assess supply chains and their structural changes from 1995 to 2011. The global MRIO database used in this study is EXIOBASE 3, which disaggregates 200 products and 163 industries, of which 33 represent material extraction sectors. By that means, we increase the level of detail to a degree where policies can more easily connect to. We find that the generally growing material footprint of the EU was characterized by a dramatic shift regarding the origin of raw materials, with the share of materials extracted within the EU territory falling from 68 % in 1995 to 35 % in 2011. In 2011, raw materials extracted in China to produce exports to the EU already contributed an equal share to EU's material footprint as material extraction within the EU itself. Import dependency is most critical for the material group of metal ores, with only 13 % of all metals required as inputs to EU final demand stemming from within the EU. Regarding product composition, construction was confirmed as the most important sector contributing to the material footprint, followed by the group of manufacturing products based on biomass. Materials embodied in service sector activities together contributed a quarter to the total material footprint in 2011, making services an important, but currently disregarded area for European resource policies. We also find that supply chain structures became more complex over time, with a growing part located outside the EU territory.
Background

Policy background
Economic development in the past decades was characterized by steadily increasing levels of global resource use and rising human pressures on global ecosystems Krausmann et al. 2009; UNEP 2011a) . Driven by rapidly growing levels of material consumption in emerging economies together with continued high levels of per capita resource use in the industrialized world, the global economy is also characterized by increasing competition between world regions regarding the access to raw materials. Against this background issues related to material consumption and resource productivity have rapidly increased in importance in European and international policy debates in the past few years.
In response to these environmental and economic challenges, numerous policy initiatives have been introduced aiming at significantly increasing resource efficiency to reduce negative environmental impacts, while addressing issues related to material supply security and import dependency. Examples for these strategies on the international level with a strong focus on resource efficiency include the "Green Economy" concept promoted by UNEP (2011b) or the "Green Growth Strategy" of the OECD (2011).
The most important policy strategy at the European level promoting resource efficiency is the Commission's Flagship Initiative "A resource-efficient Europe" (European Commission 2011b) as well as the subsequent "Roadmap to a resource-efficient Europe" (European Commission 2011c), both part of the implementation of the "Europe 2020" strategy. The overall objective of the Roadmap is to ensure that "by 2050 the EU's economy has grown in a way that respects resource constraints and planetary boundaries" and to identify priority areas and actions "to put us on a path to resource efficient and sustainable growth" (p. 3). Three consumption areas receive particular attention in the Roadmap: food, housing and mobility. The food value chains are identified as causing major global impacts, in particular related to the production of animal-based products. Regarding the housing and building sector, the Commission recognizes the significant material flows related to construction and maintenance activities of buildings. It is argued that the aggregated impacts of housing and infrastructure account for around 15-30 % of all environmental pressures caused by European consumption. The third high-impact area regarding resource use identified in the Roadmap is mobility with its high demand for material-intensive transport infrastructure and the high dependency on fossil fuels.
In some consumption areas, notably food consumption, the Commission acknowledges that European consumption causes negative global impacts. In general, however, the Commission is rather concerned about the negative impacts on the EU economy caused by international developments such as restrictions in raw material availability or increasing raw material and food prices (European Commission 2011a). The most prominent related policy strategy focusing on aspects of import dependency, resource supply and access to natural resources is the Raw Materials Initiative (European Commission 2008 , 2011d . In these documents, the Commission focuses on critical materials, in particular metal ores with high import dependency rates and high relevance for European industries, and describes measures to secure and improve access to these raw materials. In the initiative, certain materials with specifically high dependency rates are identified, such as indium, titanium and niobium, where the EU faces an import dependency rate of 100 % (European Commission 2008). However, the supply and dependency aspects are solely tackled from a perspective of direct imports and inputs into the European economy, not from a supply chain perspective. Issues such as supply chain security and dependency on indirect supplies via imported manufactured goods are not mentioned.
Recently, the EU has also committed itself to the vision of a circular economy and has presented a package of legislative and voluntary measures. This initiative aims at closing the loops of materials and thus maintaining the value of resources and products as long as possible within the economy, while minimizing the amount of generated waste (European Commission 2015) .
Given the increased demand for robust measures from the policy side, discussions on the most suitable indicators to measure resource use, productivity and criticality of raw materials are intensively ongoing. In recent years, awareness of policy makers generally increased regarding the significance not only of materials and products directly used by a national economy, or a regional economy such as the EU, but also of indirect resource use required along supply chains and embodied in internationally traded products. Consideration of all indirect effects leads to a consumption-or footprint-perspective, allowing illustrating the global impacts related to final demand. As a consequence, there is increasing research on the differences between production-based versus consumption-based trends of material use and its relation to GDP, in order to evaluate whether decoupling is being achieved (UNEP 2011a). Recent results suggest that assessments of decoupling can lead to very different results when measured with different indicators. Industrialized countries and regions, such as the USA or the EU, have in general achieved a relative decoupling when measured with indicators of direct material use, i.e., production-oriented indicators. Some countries, such as Japan, were even able to reduce direct material use in absolute terms Steinberger et al. 2013 ). However, when consumption-based-or footprint-type-indicators are applied, the decoupling performance is much weaker or even reversed, with material footprints growing faster than GDP (Wiedmann et al. 2015) .
Methodological background
A rapidly growing body of literature assessing material flows considers indirect material flows embodied in internationally traded products and applies consumption-based or footprint-type indicators with the objective of providing complementary information for the design of resource policies. Studies include national assessments (for example, Kovanda and Weinzettel 2013; Schaffartzik et al. 2014) , EU-wide studies (Arto et al. 2012; Schoer et al. 2012) as well as international assessments (for example, Bruckner et al. 2012; Giljum et al. 2015; Wiedmann et al. 2015) . Existing studies so far mostly produced aggregated national indicators on material consumption and resource productivity, making it difficult to use MFA results for policy making, which is often focused on specific sectors or consumption areas. The drivers underlying these aggregated indicators as well as the hotspot products and supply chains mostly contributing to the overall results have rarely been investigated (the study by Acosta-Fernández (2007) on identifying sectoral hotspots of material use in the German economy and related priority areas of policy action is one of the very few exceptions). A more detailed understanding of developments on the level of economic sectors and supply chains is essential to identify areas in the production-consumption system, which needs to be transformed, if absolute levels of material consumption should be reduced.
Several methods are available to calculate consumption-based MFA indicators, each having its advantages and drawbacks (Lutter et al. 2016; Schoer et al. 2013) . Three methodological approaches have been developed and applied so far: coefficient-based approaches building on process analysis, environmental input-output analysis and hybrid approaches combining elements from both approaches. Coefficient-based approaches allow calculating material footprint-type indicators at a very high level of detail, as coefficients can be calculated for a large number of single products without any restrictions of pre-defined sectors or product groups. However, material input coefficients are difficult to calculate for higher manufactured products and services with complex supply chains. Coefficients are often not specific regarding geographical origin of raw materials-in many cases, the geographical origin of a raw material is different to the geographical origin of an imported manufactured good. Furthermore, based on coefficient approaches, it is likely that the calculated total of global environmental pressures related to consumption does not equal the pressures of worldwide production.
Input-output analysis, in particular in the context of multi-regional input-output (MRIO) models, has the key advantage of depicting the whole global economy and thus allowing calculating material footprints for all products and sectors independently of the complexity of the underlying supply chains. MRIO models also avoid double counting as supply chains are clearly distinguished from each other. Furthermore, these models allow determining the geographical origin of each raw material related to the final demand of a country or region. For these reasons, in this paper, we apply a MRIO-based approach, based on the database EXIOBASE, which was specifically developed for environmental-related assessments and distinguishes a large number of different raw materials (see Sect. 2 for more details).
Objectives
This paper provides a detailed assessment of the composition of the EU's material consumption in a global context, with the aim to identify primary product groups contributing to the EU's global material footprint. We further aim at assessing the supply chain structure of various product groups, thus identifying in which parts of the supply chain major material extractions take place. The temporal and geographical coverage of EXIOBASE further allows for the assessment of changes over time, for example regarding the importance of raw material inputs stemming from non-European countries. This analysis elucidates whether outsourcing of environmental pressures through international trade occurred and illustrates which world regions serve as major suppliers of raw materials directly and indirectly required to satisfy EU's final demand. Based on the empirical assessment, we aim at reflecting current priority areas of EU resource policy making and at deriving recommendations for the priority areas and topics the EU should focus in its future policy efforts.
The remainder of the paper is structured as follows: Section 2 starts with a description of the MRIO and material flow data as well as of the applied analytical methods. Section 3 presents the various results from the MRIO assessment both on the level of overall EU material consumption and on the level of different product groups and their underlying supply chains. It also discusses the results in the context of current EU resource policy priorities. The final Sect. 4 concludes.
Methods
MRIO database
For the material footprint assessments in this paper, we apply the MRIO database EXIOBASE (Tukker et al. 2013 (Tukker et al. , 2014 Wood et al. 2015) , a very detailed global MRIO database, developed in particular for environmental assessments of the EU. With 200 commodities and 163 industries, of which 33 represent the primary sector of the economy, EXIOBASE provides the highest consistent level of product and sector detail by country across all currently available MRIO models (see Additional file 1: Full list of EXIOBASE products and product groups). In EXIOBASE, agricultural activities are represented by 15 product groups and thus in a similar detail as in the GTAP model (Andrew and Peters 2013) . In contrast to most available MRIO tables, which aggregate mining and quarrying of fossil fuels and mineral resources into one or two sectors (see, Giljum et al. 2015) , EXIOBASE contains 12 extraction sectors for fossil fuels, 8 metal extraction sectors and three sectors representing the extraction of industrial and construction minerals. It thus represents a major advantage in terms of detail for assessing global material flows.
On the downside, EXIOBASE only details 44 countries (28 EU member states plus 16 major trade partners of the EU, together adding up to around 95 % of global GDP) and covers all other countries in the form of five rest-of-the-world regions (see Additional file 2: Full list of EXIOBASE countries and regions). In contrast, the Eora database (Lenzen et al. 2013 ) distinguishes 187 countries/regions, and the latest version of GTAP (Narayanan et al. 2015) separately models 140 countries and regions. However, for assessments of EU's global environmental impacts, EXIOBASE is a very suitable database. In this paper, we aggregated all results of the EU-28 countries into one region, in order to provide an overall assessment of the EU as a whole. Future research may focus on specific patterns of single EU countries.
Furthermore, a high level of regional detail as provided by Eora or GTAP is required to avoid errors caused by product and price inhomogeneity between countries in a certain region and becomes relevant when there are large trade flows from those regions. We argue that for the analysis of the flows of raw materials, limited trade flows to the EU come directly from the aggregate regions, and because those materials traded have prices being mainly determined on global markets, price differences between countries within an aggregate region will be smaller compared to price differences between raw materials. Consequently, for this study a high level of commodity detail is regarded as more relevant.
In this paper, we apply EXIOBASE in its version 3.1, covering the time period of 1995 to 2011. In order to adequately represent the global economic structure over time, EXIOBASE 3.1 combines several data sources to capture economic changes. Principle data include macroeconomic accounts (GDP, total trade, final demand from UN SNA database) and other detailed data sources (IEA, FAOSTAT, Comtrade, various mining databases, BACI and others) to estimate product and industry output over time as well as product-specific bilateral trade. The structural change of domestic economies was estimated by inter/extrapolate observed changes of national IO tables over time (for 38 of the 44 EXIOBASE countries, i.e., excluding Mexico, Luxembourg, Croatia, Indonesia, Turkey and Canada). Inconsistencies within the database caused by conflicting data sets were resolved by balancing the systems using a flexible mathematical programming approach where information gain is minimized ). The estimation of the uncertainty associated with such techniques has not received a great deal of attention in research, albeit Lenzen et al. (2010) have attempted to capture some of the impact of these techniques for the case of greenhouse gas emissions.
Material extraction data and indicators
The material extensions in EXIOBASE were compiled using the WU Global Material Flow database (WU 2015, available at www.materialflows.net). This database contains material extraction data for all countries worldwide, for all raw material categories and in annual time series from 1980 to 2013. The database is compiled following the standards of economy-wide material flow accounting (EW-MFA) provided by Eurostat and the OECD (EUROSTAT 2013; OECD 2007) .
Four main data sources are used for the compilation of the database-the British Geological Survey (BGS) and the US Geological Survey (USGS) for metal and mineral data; the International Energy Agency (IEA) for the data on fossil fuels; and the FAO for the data on biomass extraction. The quality of the material extension data varies across the different material categories, depending on the data source and necessary estimation or manipulation steps. In general, the primary data from BGS, USGS, IEA and the FAO are of good quality. However, for some types of material extraction, estimation techniques need to be applied due to a lack of official statistics. This holds especially true for the cases of the extraction of construction minerals, biomass uptake by rooming animals (grazing) and the generation of by-products from agricultural harvest. For more information on the compilation of the underlying material flow database, for example, regarding the treatment of coupled production in metal mining, see Additional file 3: Technical details on the compilation of the global material flow database and WU (2015) .
In order to generate the physical satellite to the MRIO system, the around 380 categories of primary raw material extraction data are aggregated into the 33 extraction sectors of EXIOBASE (see Additional file 4: Correspondence table between raw materials and EXIOBASE sectors). All MFA data are fed into the MRIO system in the unit of 1000 t.
The main indicator generated with the MRIO system is the economy-wide indicator raw material consumption (RMC), also known as material footprint Wiedmann et al. 2015) . The RMC or material footprint indicator comprises all domestically and foreign raw materials that were directly and indirectly required to produce goods and services of the EU final demand. The material footprint thus expresses the amounts of materials embodied in final demand and aims at understanding the socioeconomic drivers, such as private or public consumption, of raw material extraction. It is important to note that this approach differs from other types of material flow analysis, which aim at physically tracking actual flows of certain raw materials or substances (for example, Graedel et al. 2015; Laner et al. 2015) . Furthermore, it needs to be emphasized that the approach applied in this paper focuses on the footprint of primary materials. Integrating secondary raw materials from recycling in this assessment would require additional material flow data (see Haas et al. 2015) .
In MFA, indicators are generally decomposed into four major material categories, i.e., biomass, fossil fuels, minerals and metal ores. In this paper, we present indicators both on the aggregated level across all materials and on the level of the four main material groups.
Analytical methods
The data analysis starts on the aggregated level illustrating the overall material footprint time series of the EU followed by decompositions into the four main material categories, into sectors and product groups as well as into source countries for raw materials. The latter are identified for the total material footprint and separately for each aggregated material group. This is carried out for the whole time period of 1995-2011 in order to determine whether and to which regions the EU has outsourced material extraction via international trade. We also analyze the sector composition, identifying the sector groups contributing most to the EU's material footprint, and how this composition changed over time, thus analyzing structure and temporal dynamic of the EU material footprint.
Apart from these standard analyses, MRIO models representing the entire global economy and all underlying supply chains allow for the application of additional analytical tools. These tools assess supply chain structures underlying the total material footprint of a product or product group and thus visualize the type and complexity of intermediate deliveries. In this paper, we apply production layer decomposition, PLD (compare Lenzen and Crawford 2009; Llop and Ponce-Alifonso 2015; Wiedmann et al. 2009 ), which is an aggregated form of structural path analysis (SPA). SPA allows opening up the black box of national and international supply chains uncovering the largest inter-sector and inter-country pathways of flows of goods and services through the global economy (Lenzen 2007; Peters and Hertwich 2006) . The benefit of the very high level of detail through identifying all paths in the global economy related to final demand in a certain country or region entails the disadvantage of producing very large data sets, in particular when an SPA is performed for various types of raw materials and with timeseries data.
Therefore, in order to derive more general conclusions from the MRIO model in terms of the biophysical dimension of supply chain structures and temporal dynamics, in contrast to SPA, production layer decomposition does not calculate the "weight" of single paths but aggregates all material extractions occurring at discrete supply chain layers. In its core, PLD can be expressed as:
where e k,m equals the material extraction of raw material group m on layer k along the path of a product or product group, which directly or indirectly serves final demand. ŝ represents the diagonalized direct intensities of material group m, which results from dividing the domestic extraction vector of m by the sectors gross output vector x, and where x = Lŷ, with L being the Leontief inverse matrix and ŷ the diagonalized final demand vector. Subsequently, ŝ e =mx −1 . A is the technical coefficients matrix. For the case of layer 0, i.e., direct deliveries material extraction sectors to final demand: e k=0,m =ŝ m Iŷ, where I represents the identity matrix.
(1) e k,m =ŝ m A kŷ Due to the fact that there are an infinite number of layers, we calculate the residual e r+ via and where r is the selected threshold regarding the number of layers separately analyzed.
We can then relate the single-layer results e k to the overall material footprint MF through their summation:
Moreover, we can use production layer decomposition to disaggregate the individual layer results into the amount of raw materials extracted within and outside the EU.
Results and discussion
Results
The results section of the paper is structured by starting with aggregated results for the EU material footprint and subsequently decomposing the overall trends in various dimensions. The first perspective is the origin of the various raw materials related to EU final demand, followed by an analysis of the main products and product groups contributing to the EU material footprint. Based on the PLD, we then illustrate the structure of supply chains behind each of the aggregated product groups and assess how the layer structure evolved over time. For selected product groups, we also discuss how the distribution between materials extracted in the EU versus abroad changed on each layer from 1995 to 2011. Finally, we provide a disaggregation of the material footprint layers by the main material categories, thereby analyzing the structural differences in the use of certain material groups in the economic system. Figure 1 illustrates the overall development of the material footprint of the EU, disaggregated by the four main material groups (top) and by the countries and world regions, where the raw materials were extracted to directly and indirectly serve final demand in the EU (bottom).
The overall material footprint of the EU rose from 8.4 billion tonnes in 1995 to 12.2 billion tonnes in 2011. After a 5-year period of relatively strong increases between 2002 and 2007, the impact of the economic crisis in 2008 and in particular in 2009 is clearly visible in the overall trend. In these two years, the EU material footprint dropped by around 13 % compared to the maximum level of 2007. In 2011, the EU material footprint regained an absolute level that was equal to the level in 2005/2006. When analyzed by main material groups, it is clearly visible that the category of industrial and construction minerals contributes the largest share to the material footprint (54 % in 2011, up from 43 % in 1995) . Minerals were also the group that most
significantly declined in the period of the economic crisis, contributing around half of the overall reduction between 2007 and 2009. This indicates the strong impact of the crisis on the construction sector, in particular in countries such as Spain, Italy or the UK, but also in some Eastern European countries such as Romania. Direct and indirect extraction of biomass grew by 35 % over the whole time period, and the required metal ores to satisfy EU final demand was increased by 116 %, but from a lower absolute level. Fossil fuels were the only category where the EU consumed less in 2011 compared to 1995 (−14 %).
From the perspective of the origin of raw materials, dramatic shifts can be observed over the analyzed time period. The share of raw materials that were extracted within the territory of the EU fell significantly from 68 % in 1995 to 35 % in 2011. This illustrates that today around two-thirds of the raw materials that are directly and indirectly needed to satisfy European final demand is extracted in other world regions. As illustrated in Fig. 1 (bottom) , the most significant shift occurred between the EU and China, which in 2011 already contributed an equal amount of raw materials related to EU's final demand for goods and services. This particular pattern is closely related to the current development stage of China, which-as a fast-growing emerging market-is in the process of building up its housing, transport and energy infrastructure. On the one hand, this leads to significant amounts of raw materials required for investments and capital formation, which dominate China's own material footprint (see Giljum et al. 2015) . On the other hand, construction materials also serve as indirect inputs to manufacturing industries, which produce goods exported to the EU (see also Wang et al. 2014; Wiedmann et al. 2015) . This indirect flow of construction materials grew from around 230 million tonnes in 1995 to more than 3 billion tonnes in 2011 and was thus far above flows of other key raw materials extracted in China and serving EU final demand, such as coal (394 million tonnes) or iron ores (157 million tonnes).
As the material footprint calculations can be performed separately for various raw materials and then be aggregated into the four major material groups, Fig. 2 depicts the regional origin of raw materials serving the EU final demand for biomass, fossil fuels, minerals and metal ores.
The overall development as well as the regional patterns of origin differs significantly across the four main material categories. However, two general trends can be observed for all four raw material groups. First, extraction of raw materials within the EU decreased, while the material footprint increased for all four categories except fossil fuel consumption, which in 2011 was on an equal level as in the mid-1990s. This implies that the EU is to an increasing extent directly as well as indirectly dependent on imports from other world regions. Second, the Asia and Pacific region serves as the main source Biomass is the material category, where the highest share of raw materials still stems from within the EU territory. The share was 76 % in 1995 and decreased to 47 % in 2011. With 35 % in 2011, biomass originated to a significant extent from Asia, up from 15 % in 1995. China played an important role contributing 16 % to biomass extraction in 2011, in particular related to the production of cattle and other meat. Three percentage of biomass in the EU material footprint was extracted in India with a similar product focus as in the Chinese case. With 1 %, Indonesia was the third largest Asian contributor, with a clear focus on the sector of "oil seeds, " i.e., palm oil. Smaller amounts of biomass were embodied in imports from America and Africa.
Fossil fuels extraction within the EU decreased significantly, from around 900 million tonnes in 1995 to around 570 million tonnes in 2011, in particular due to a decrease in coal mining. With 41 %, the Asia and Pacific region made up the largest fraction of fossil fuels embodied in EU final demand in 2011. Fossil fuels embodied in imports from China were rapidly increasing in the 2000s and made up 23 % of the total fossil fuel footprint of the EU-28 in 2011. These fossil fuels included, for example, coal (394 million tonnes in 2011) that was extracted in China and used in electricity production, which is then embodied in Chinese exports. Russia also plays an important role as a direct exporter of particularly natural gas to the EU. The Middle East contributed 15 % to the fossil fuel footprint in 2011.
Minerals extraction within the EU also showed a decreasing trend, with a particularly sharp decrease during the years of the economic crisis, underpinning the argument above that the construction sector in many EU countries was one of the most effected parts of the economies. At the same time, the minerals embodied in imports from the Asia and Pacific region grew almost by a factor of 5. With more than 3 billion tonnes in 2011, China alone contributed 48 % to the total EU mineral footprint, almost exclusively in the categories of construction materials, such as sand, gravel and stone.
From a European policy perspective, the situation regarding metal ores can be regarded as most critical, as Europe has only a minor production of metals within its territory and is thus heavily dependent on imports from other world regions. In 2011, only 13 % of all metals required as direct and indirect inputs for products and services finally consumed in the EU stemmed from within the European territory. Again, the Asia and Pacific region plays the most important role as a raw material provider (50 %). Most important extraction countries are China, which accounts for 27 % of total EU metal footprint, mostly in the categories of iron ore and copper. Australia delivered 6 % of metals serving as indirect inputs to EU final demand, with iron ore, copper and precious metals being the most important commodities. Three percent of the metal footprint originated in Indonesia, dominated by lead and zinc. Thirty-two percentage of metals embodied in EU's final demand were extracted in the Americas, with Latin American countries providing almost three quarters, mostly iron ore, copper, lead, zinc and precious metals.
In Fig. 3 , we turn to another dimension, which the MRIO model allows to put into focus, i.e., the product groups contributing to the material footprint of the EU. In order to facilitate visualization, we aggregated the 200 EXIOBASE products into 11 broad product groups (see Additional file 1: Full list of EXIOBASE products and product groups). Figure 3 illustrates that the composition of the EU material footprint in terms of aggregated product groups remained relatively stable across the observed time period, despite the overall growing material footprint (compare Fig. 1 above) . The main aggregated sector contributing to the material footprint was construction, which held a share of 25 % in 1995, falling slightly to 23 % in 2011. Construction was followed by the group of manufacturing products based on biomass, most importantly from food-processing sectors. Its share was 18 % in 2011, similar to the contribution in 1995. Manufacturing of products mainly based on fossil fuels ranked third in 2011, with a share of 14 %. Most important products were motor gasoline with a material footprint of 189 million tonnes, followed by diesel oil (92 million tonnes). The fourth biggest contributing sector was the large group of manufacturing products based on metals and minerals (8 %). With a material footprint of 393 million tonnes, motor vehicles were the most important product group within this aggregated sector, followed by machinery and equipment (232 million tonnes) and radio, television and communication products (129 million tonnes). The contribution of agriculture and forestry products to the EU material footprint in 2011 was 5 %, than that of mining products 3 %. Although raw materials are extracted only in these two aggregated sectors (see Fig. 4 ; Table 2), the overwhelming part of the extracted raw materials are not directly delivered to final demand, but purchased by other sectors of the economy for further processing. Materials embodied in service sector activities together contributed 25 % to the total material footprint, as the group of "other products" mainly contains service sectors, including the large service sectors of health, education and public administration and defense (see Table 1 for more details).
As indicated in the introduction, one key strength of EXIOBASE is the very high product detail. In Table 1 , we further decompose the product groups contributing to the EU material footprint and show the top 30 EXIOBASE products (the full list with the footprints all EXIOBASE products can be found in the Additional file 5: Detailed material footprint (MF) results).
These 30 products made up around 80 % of the total EU material footprint in 2011. Table 1 indicates that among the top 30 contributing products, almost all of the 11 aggregated product groups are represented. The product "construction work, " which is identical to the aggregated group "construction" as illustrated above, constitutes by far the largest product group in the overall EU material footprint (23.2 % in 2011). Construction had both a high share in total EU final demand (9.9 %) as well as a high material intensity or almost 2.3 kg of direct and indirect material extraction required to produce one Euro of final demand. Given this huge contribution of just one product, it would be desirable to further split up this product group.
It is interesting to note that on the more detailed sector level, service sectors are also found among the top contributors. For example, health and social work services ranked second in the product list, with a contribution of 6.6 % to the total material footprint in 2011. This sector contributed 12.8 % to EU's monetary final demand in that year; however, material intensity was significantly lower (half a kg of material input per €). The reason, why this sector has a significant material footprint is that the provision of services in the health sector requires a large number of material-intensive products serving as indirect inputs, including, for example, chemical and pharmaceutical products. Also, food provision in hospitals and other social institutions induces significant flows of biomass, with meat and animal products contributing most to the biomass footprint. Apart from health and social services, also public administration and defense (4.5 %) as well as real-estate services (3 %) has significant shares in the overall material footprint of the EU-28.
Following aggregated product groups such as "food products nec" and "chemicals nec, " some specific manufacturing product groups are also located among the top contributors. They include motor vehicles (with a share of 3.2 %) and machinery (1.9 %). Animal products, which are well known for their high material footprint (Lettenmeier et al. 2014) , are not found among the top 10 EXIOBASE products. This fact is a consequence of the construction principles of EXIOBASE, which further split up environmentally sensitive products. In fact, EXIOBASE contains 11 products related to production of meat and dairy products. If the material footprint of these sectors is again aggregated, animal products together contribute almost 900 million tonnes, or 7.1 %, to the total material footprint of the EU-28 and rank second after construction. The material intensities differ significantly across the various products. More than 7 kg of material extraction served as direct and indirect material input to produce one € of final demand of cattle meat. For vegetables and fruits, it was almost 2.5 kilograms. To produce one € of final demand of motor vehicles, around 1.1 kg of raw materials were required. The highest material intensities can be observed for mining activities, such as the extraction of sand and clay (almost 72 kilograms of extraction per € of final demand in 2011).
Production layer decomposition allows investigating the material dimension of supply chains and illustrating the structure and complexity of intermediate deliveries behind the final use of a certain product or service. The numbering of the layers reflects the distance to the extraction of the various raw materials required to produce the final product, i.e., the number of intermediate deliveries before a product or service ends up in final demand. Figure 4 depicts the composition of all layers of the respective supply chains to the absolute material footprints of the 11 aggregated product groups. All layers together constitute the total footprint of a product group. In order to keep complexity on a manageable level, we illustrate Layers 0 to 4 separately and add up all higher levels in the category Layer 5+. Table 2 complements the information in Fig. 4 by detailing the percentage contributions of each layer to the product group total, both in the year 1995 and in 2011.
As explained in Methods section above, Layer 0 only contains values for those product groups, which are directly related to material extraction activities, i.e., biomass extraction from agriculture and forestry as well as mining of fossil fuels, minerals and metal ores. These two aggregated product groups are thus the only ones that have direct deliveries from material extraction to final demand. For agriculture and forestry products, the share of Layer 0 was 56 % in 2011, for mining products 72 %.
Material extractions taking place on Layer 1 are located one step away from the product group in focus, i.e., they represent the final intermediate deliveries before a product is being brought to its final purpose. Taking the example of the group of manufacturing products from biomass, we observe that Layer 1 has the largest contribution (31 % in 2011). These are mainly deliveries of biotic raw materials from the agricultural sectors to food-processing sectors as well as of harvested timber to sectors producing wood-based products. Layer 2 contains extractions of raw materials, which are two intermediate steps away from the final product. An example from the construction sector, which is characterized by the largest share of inputs from Layer 2 across all aggregated product groups (33 % in 2011), is the sequence of limestone being extracted in mining, delivered as an input to cement production, with cement then purchased by construction activities.
With regard to the composition and temporal development of the structure of supply chains across the various layers, two key observations can be drawn from Table 2 . First, the distribution across the 5 analyzed layers changes across sectors, as supply chains increase in complexity. While products from the primary sectors contain by far the largest parts of inputs on Layer 0, the manufacturing sectors typically peak on Layers 2 or 3. Services have an even higher share of high-layer extractions in their total material footprint. The second important conclusion concerns the changes of layer structures over time. Table 2 illustrates that in the past 20 years, supply chains across all product groups have become more complex, i.e., percentage contributions of layers with lower numbers were declining in almost all cases, whereas Layers 3-5 + gained in importance. This illustrates that supply chains are increasingly complex and differentiated in their organization, and an ever-increasing number of production steps is interlinked for the production of goods and services delivered to final demand. Figure 5 takes the analysis one level further by illustrating to what extent the changes in the supply chain structures were linked to the overall trends of outsourcing material extraction away from the EU territory to other world regions discussed for the overall material footprint in Figs. 1 and 2 . For illustrative purposes, we select two product groups with a major importance in the overall EU material footprint, i.e., construction and manufactured products based on biomass. Figure 5 illustrates that significant geographical shifts can be observed on all layers when comparing the years 1995 and 2011, i.e., the contribution of material extractions within the EU was shrinking, while extractions in the non-EU countries gained in importance (compare the aggregated results in Figs. 1 and 2 above). Construction is a pronounced example: While 83 % of extractions as inputs to construction activitiesin particular on Layers 1 and 2-were taking place within the EU borders in 1995, this value decreased to only 38 % in 2011. In the latter year, significant material extractions took place in the non-EU countries on all layers. For example, on Layer 1, large material extractions outside the EU took place regarding construction minerals, such as sand and clays, which are then further processed into construction materials imported into the EU. On Layer 2, metal ores used in construction, notably iron ore, as well as fossil fuels (coal and oil) serving as energy inputs into manufacturing of construction materials play major roles. A similar, but less accentuated development could be observed for the group of manufactured products from biomass. Also here the ratio of domestic to foreign extractions changed from 73:27 % in 1995 to 40:60 % in 2011. However, there are still significant shares of extraction within the EU on Layer 1, indicating that the EU food-and woodprocessing industries are still to an important extent supplied by agricultural and forestry products harvested within the EU. However, raw materials for higher processed inputs to the production processes of biomass-based manufactured products are originating to a growing extent outside the EU. This trend can also be observed for other product groups.
In the final analytical step, we disaggregate the information from the layer analysis by the four main material groups of MFA. Figure 6 illustrates on which of the layers each of the four raw material groups was mainly extracted to serve the overall EU final demand for products and services in the year 2011.
We can observe different patterns across the four aggregated material categories. The use of minerals shows the steepest distribution across all layers, peaking at Layer 2. This implies that products being produced from extracted mineral resources have relatively short supply chains (compare also the layer structure of the construction sector in Fig. 4 and Table 2 ). This is not surprising, as the major products from minerals are construction and industrial minerals, which are either directly delivered from the mining sector (e.g., sand and stones) or delivered from the sectors producing further processed construction materials, such as cement. Biomass also has a curve, which peaks at Layer 1, indicating that there are only one or two steps of processing before the largest share of extracted biomass is being delivered to final demand (compare the structure of the agricultural/forestry product group and the biomass-based manufactured products in Fig. 5  above) . The distribution of the other two main material categories, i.e., fossil fuels and metal ores, shows a different pattern. Their slope is much lower, indicating that a larger fraction of the overall fossil and metal footprint is generated on higher layers, i.e., further away from the final product. Fossil fuels and metal ores thus mainly serve as inputs to goods and services with more complex supply chains, indicating their fundamental character for the production processes of various sectors across the whole economy. 
Discussion
Priorities for European resource policies
The results generated with the global MRIO model with detailed material extensions as applied in this paper confirm the priorities of EU resource policy initiatives with regard to product groups, i.e., we find that construction as well as the group of manufactured biomass-based products are the top 2 product groups constituting EU's material footprint. Transport services as such play only a minor role as a final demand category; however, construction activities also cover the resources used in developing transport infrastructure. Our analysis illustrated that there are important product groups in addition to the commonly known high-impact activities of construction, food and mobility. Most notably, we found that, with around a quarter of the total, the service sectors contribute a significant share to the overall material footprint of the EU. Examples for service sectors with high absolute importance are health and education services, public administration and defense as well as real-estate services. These activities are characterized by very complex supply chains, i.e., the provision of services typically requires a large variety of highly manufactured products as inputs. As the layer analysis illustrated, these products are characterized by a significant number of processing stages. The transition toward a "knowledge-based service economy" is often assumed to be an environmentally positive development. While services do have a lower material intensity per € of generated added value compared to other parts of the economy (see Table 1 above and the detailed table in the Additional file 5), the growing absolute importance of the service sectors in generating European GDP, however, results in high absolute material consumption of services. This is in line with similar finding regarding the carbon footprint of countries (Hertwich and Peters 2009; Piaggio et al. 2015) . A service-oriented economy thus is not automatically dematerialized or decarbonized, when taking a full supply chain perspective. This fact is currently being overlooked in the European resource policy context. Production layer decomposition, which revealed the underlying structure of supply chains for different product groups as well as for aggregated raw material groups, also provides important insights for EU resource policies. On the one hand, the disaggregation by material groups suggests that resource policies should take into account the different levels of complexities of supply chains. Products based on minerals and biomass are characterized by less complex intermediate delivery structures compared to fossil fuels and metal ores, which serve as inputs for a large number of different products across numerous economic sectors. Given the very high levels of import dependency in these two product groups (compare Fig. 2 above) , this puts the EU in a vulnerable position. On the other hand, the layer analysis illustrated that an increasing share of materials is extracted outside the EU on each of the single layers, thus pointing to the importance of considering the overall supply chain, if an absolute reduction in global material extraction related to EU consumption should be achieved.
Secondary materials from recycling activities were not explicitly considered in this study, which focused on the material footprint of primary extraction. Recent estimates illustrate that there exist huge potentials to increase the degree of circularity in the European economy. The aggregated recycling rate, calculated as the amounts of recycled materials as a share of all processed materials, was only 12.6 % in 2005 ). An ambitious implementation of the circular economy package would reduce the European demand for primary raw materials and thus would also decrease the material footprint as presented in this paper. Moving to a circular economy is therefore also closely connected to economic issues, such as import dependence and stable supply of raw materials for European industries (European Commission 2015) .
The global impacts related to material consumption in Europe are mentioned in some of the EU policy documents, most notably with regard to biomass consumption. However, the results of the MRIO-based assessments in this paper suggest that a supply chain perspective is of key importance for the EU economy, which has a higher material import dependence than all other world regions (see Giljum et al. 2015) . The consumption of goods and services in the EU is to a large and rapidly growing extent dependent on indirect material extractions taking place outside the EU's territory. This has environmental implications, as raw materials originate to an increasing extent from developing and emerging economies, which often have lower levels of environmental standards compared to industrialized countries (for example, Hilson 2012) . The expansion of raw material extraction activities also often leads to an increasing number of environmental conflicts with the local population, which faces, e.g., dislocations due to expansions of mining areas or accumulations of air and water pollution with severe negative effects on their daily lives (Martinez-Alier 2014). Thus, if considering pollution and other negative environmental consequences related to material extraction in impact-oriented material footprint indicators (van der Voet et al. 2009 ), the geographical location of raw material extraction could play an increasingly important role in determining Europe's environmental performance. Also, labor conditions are often very low in developing country activities related to agricultural production or mining, and material extraction often fosters enclave types rather than inclusive forms of development (for example, Bird 2014). As a final consumer of products to which these raw materials serve as direct and indirect inputs, Europe should acknowledge its share in the responsibility for the environmental and social conditions in other world regions. Europe could more actively engage in financial, technological and knowledge support in extraction countries to raise environmental and social standards, as underlying, for example, the idea of a Global Marshall Plan (Yunker 2014 ). This responsibility is currently not sufficiently assumed in EU policies related to raw materials. For example, the raw material initiative is strongly focused on securing access to resources in particular in developing countries, which sometimes contradicts the objectives of EU development policies, which aim at helping developing countries combat poverty through investing in the sustainable management of their natural resources (Heinrich Böll Foundation 2011).
Methodological aspects
The MRIO analysis performed in this paper allocates material extraction due to economic activities through the global supply chains to the final consumers. As such, MRIOs foremost rely on reliable data on domestic material extraction, as any errors or uncertainty in the extraction data are passed through the full analysis and directly affect the footprint results. Although extraction data are similar across global databases with regard to categories such as agricultural production or extraction of fossil fuels (Fischer-Kowalski et al. 2011) , estimations need to be applied for quantitatively important categories, such as construction materials (see above and Additional file 3 for details). This calls for further international efforts to align existing estimation approaches, including the consideration of recycled construction materials (Hashimoto et al. 2009; Wiedenhofer et al. 2015) .
Allocating material extraction to those industries or users extracting the material requires detailed knowledge about the composition of each industry-data that are not readily available. For example, rock aggregate is a high mass but low-value commodity that is sometimes traded and sometimes extracted directly. Allocating rock aggregate extraction to the quarrying industry, as is done in EXIOBASE, assumes that all rock aggregate is traded, whereas in some countries, quarrying may be limited to highervalue commodities, and rock aggregate may be extracted directly by the construction industry (Schaffartzik et al. 2014; Schoer et al. 2013) .
High sector detail can help reducing this uncertainty Lenzen 2011) . EXIOBASE provides the highest harmonized sector detail of MRIO models, but because data are not available at such detail for all countries, a combination of LCA data, proxy country IO data (from some specific, highly detailed national IO tables) and sector-specific information (e.g., energy balances from the IEA for the energy sector) was used for disaggregation where regional differences can have an impact, particularly in assessments of material flows .
A general caveat to current MRIO analyses is that the production of capital goods including infrastructure is not allocated to the users of the infrastructure (by sector, or over time), such that results show the annual resource requirement of various activities. This approach provides consistency with national accounting, but could be relaxed by endogenizing capital goods and infrastructure in the coefficient matrix (see Lenzen 2001) to allocate infrastructure to goods and services consumed by households and government.
Conclusions
In this paper, we provided a detailed assessment of the composition of the material footprint of the EU and its underlying supply chain structures. We argued that recent developments in the compilation of multi-regional input-output databases open up a range of new analytical options for the assessment of global material flows related to final consumption of a country or world region. A particular strength of the MRIO approach to analyze material flows is the possibility to identify the most important products and product groups contributing to the material footprint as well as to investigate the international supply chains underlying the final goods and services delivered to final demand through applying production layer decomposition. This type of analysis goes far beyond the calculation of headline indicators on material consumption and material productivity, which so far has dominated the MFA literature, and allows connecting much better to issues related to the development of resource policies, which are currently emerging in the context of European policy making.
The objective of this paper was to provide an illustration of the analytical potentials starting from the macro-level of the overall EU material footprint and disaggregating it in several dimensions. However, there is still a lot of room to expand this type of research further and to derive more specific results. One option is to focus the analysis on single raw materials instead of aggregated material groups. Full structural path analysis (SPA) could also be applied for selected products of particular policy relevance, in order to identify hotspots of material extraction on each layer of the supply chain, for example, with regard to service sectors with important contributions to the overall material footprint. Finally, it is important to continue work on uncertainty analyses in connection with material footprint models based on various MRIO databases. 
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